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$M$ $R$ ( ) $m$
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$\Rightarrow$ $R \leq\frac{2GM}{c^{2}}\equiv r_{\mathrm{h}}$ (2)






































$\Delta E\sim c\hslash/\Delta r\sim\hslash\kappa$ ,











. , (sonic point)
$\mathrm{r}$ sonic point
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, sonic point (sonic) horizon







$\rho$ ( $\frac{\partial v}{\partial t}+$ $(v. \nabla)$v) $=$ $-\nabla$p(7)
$\frac{\partial\rho}{\partial t}+\nabla(\rho v)=0$ (8)
$\rho,$ $p,$ $v$ , , ,
$\text{ }ffi$
$p=C\rho^{\gamma}$ , $\gamma=\frac{C_{p}}{C_{v}}$ (9)
$\mathrm{r}$
$C$ , $C_{p},$ $C_{V}$ ,
$\cross v=0$ $arrow$ $v=\nabla\Phi$
$\Phi$ , Euler (7)
Bernoulli















$\Phi=$ $\Phi_{0}+\phi$ , $\phi=\delta\Phi$
$\rho=\rho$0 $(1+\psi)$ , $\psi=\frac{\delta\rho}{\rho}$
$(\rho_{0}, \Phi 0)$ $(\phi, \psi)$ $(8)(10)$ r
0 ( )










$\psi$ , (8) ,
$\phi$ [5, 6, 7]






\Phi (x\mu ) $= \frac{1}{\sqrt{-g}}\frac{\partial}{\partial x^{\mu}}[\sqrt{-g}g^{\mu\nu}\frac{\partial}{\partial x^{\nu}}\Phi]=0$ (14)
2 , 3.2
. $[2, 6]$ .
189
$\{x^{\mu}\}=$ $(t, x, y, z)\equiv(t’)$ (13)











$ds^{2}=-(1$ $- \frac{v(x)^{2}}{c_{s}^{2}}$) $c_{\epsilon}^{2}d \tau^{2}+\frac{dx^{2}}{(1-\frac{v(x)^{2}}{c_{s}^{2}})}$






[9]. 2 Laval Nozzle $\mathrm{r}$ $x$ ,
$A$ (x) ,
, (11)
$J=pvA$ $=\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{s}\mathrm{t}$ . ( ) (16)
$\frac{1}{2}v^{2}+h(\rho)=\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{s}\mathrm{t}$. (Bernoulh eq.) (17)








. $M=v/c_{s}$ Laval Nozzle
$M<1$ $dA<0$ $arrow$ $dv>0$
$M>1$ $dA>0$ $arrow dv>0$
nozzle , nozzle
$\mathrm{f}$ , (18)
throat $(dA=0)$ sonic point $M=1$ 2
.
Nozzle (9) $h$ $c_{s}$
$h= \frac{\gamma}{\gamma-1}\frac{p}{\rho}$ $c_{s}^{2}= \gamma\frac{p}{\rho}$ (19)
, Nozzle
$\rho_{u},p_{\mathrm{u}}$ , $v_{u}=0$ Bernoulli (10)
$\frac{1}{2}v^{2}+\frac{\gamma}{\gamma-1}\frac{p}{\rho}=\frac{\gamma}{\gamma-1}\frac{p_{u}}{\rho_{u}}$ (20)
,
3 Laval Nozzle ( 2) ,
$(x=0)$ $(x=3)$ .


























3: Laval Nozzle $p$ $M$ . $\gamma=7/5.\mathrm{N}\mathrm{o}\mathrm{z}\mathrm{z}\mathrm{l}\mathrm{e}$
, throat, $x=0,1$ , $3$ ‘ case $\mathrm{d}$
.
(case $\mathrm{a},\mathrm{b}$) $\mathrm{n}\mathrm{o}\mathrm{z}\mathrm{z}\mathrm{l}\mathrm{e}$ throat $(x=1)$ sonic
point $(M=1)$ . (18) , throat $(dA=0)$
$(dv=0)$
throat
, (case c) $M=1$ ,
(case e) . ,
throat $M=1$ sonic point , $(M<1)$ ,
$(M>1)$ , , case $\mathrm{c}$
$\mathrm{e}$ ?
. case $\mathrm{d}$ ,
$(1 <x<3)$ case $\mathrm{e}$ ,
.
case $\mathrm{c}$ $\mathrm{e}$ ,
, Laval Nozzle , fine-tuning
throat sonic horizon , Laval
Nozzle , horizon Hawking
4 Laval Nozzle Hawking




4.1 sonic horizon “
Hawking throat
( $\rho_{u}$ $\delta\equiv\rho/\rho_{u}$ ,
$p/p_{u}=\delta^{\gamma}$ Bernouffi (20)
$\frac{v}{c_{su}}=\sqrt{\frac{2}{\gamma-1}(1-\delta^{\gamma-1})}$ (21)
$c_{su}=\gamma p_{u}/\rho_{u}$ . (19)
$\frac{c_{s}}{c_{su}}=\delta^{(\gamma-1)/2}$ (22)
, sonic point(v $=c_{\theta}$ )
$\delta_{\mathrm{H}}=(\frac{2}{\gamma+1})^{1/(\gamma-1)}$ (23)
r , $\mathrm{H}$ Nozzle throat Horizon
(sonic horizon)
2 Nozzle $x$

















, (22)(23)(27) Nozzle Nozzle
$\frac{A}{A_{\mathrm{H}}}=\frac{1}{M}[\frac{2}{\gamma+1}(1+\frac{\gamma-1}{2}M^{2})$





















- $k_{out}$ sonic horizon
(out-going wave) , $k_{in}$ sonic horizon
(in-going wave) $|$ $k_{out}$ (31)
Hawking
Laval Nozzle $\omega$ , $x$
$k$ (32) , out-going wave
$k_{out}$ $v$ effective $s-v$
sonic horizon ,
. horizon k $t$
, node
horizon . horizon 61















, , WKB horizon






4 sonic horizon out-going
175
4: Laval Nozzle Hawking
wave $\Psi^{in}=\exp(-i\Omega_{in}z)$ ,
$\omega$ sonic horizon (33)




$\Gamma$ . Power spectrum
, Fourier
$|$f $( \omega)|^{2}\propto\frac{2\pi\omega}{\kappa}\frac{1}{e^{2\pi\omega/\kappa}-1}$ (34)
Planck $[6, 7]$ . Hawking
1
5 4 , .
, Power spectrum
, throat sonic horizon





$| \delta p(\omega)|^{2}=|\delta p_{H}|^{2}\frac{c_{su}^{2}}{\Omega^{4}}\delta_{H}^{\gamma-3}\frac{2\pi}{\kappa}\frac{\omega^{3}}{e^{2\pi\omega/\kappa}-1}$ (35)
176
5:






, $|$ , Hawking
,
. ,
(power spectrum) . Planck ,
horizon
1
, Hawking $\backslash ^{\theta}$ horizon
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